ABSTRACT: Eolian dune fields on Earth and Mars evolve as complex systems within a set of boundary conditions. A source-to-sink comparison indicates that although differences exist in sediment production and transport, the systems largely converge at the dune-flow and pattern-development levels, but again differ in modes of accumulation and preservation. On Earth, where winds frequently exceed threshold speeds, dune fields are sourced primarily through deflation of subaqueous deposits as these sediments become available for transport. Limited weathering, widespread permafrost, and the lowdensity atmosphere on Mars imply that sediment production, sediment availability, and sand-transporting winds are all episodic. Possible sediment sources include relict sediments from the wetter Noachian; slow physical weathering in a cold, water-limited environment; and episodic sediment production associated with climatic cycles, outflow events, and impacts. Similarities in dune morphology, secondary airflow patterns over the dunes, and pattern evolution through dune interactions imply that dune stratification and bounding surfaces on Mars are comparable to those on Earth, an observation supported by outcrops of the Burns formation. The accumulation of eolian deposits occurs on Earth through the dynamics of dry, wet, and stabilizing eolian systems. Dry-system accumulation by flow deceleration into topographic basins has occurred throughout Martian history, whereas wetsystem accumulation with a rising capillary fringe is restricted to Noachian times. The greatest difference in accumulation occurs with stabilizing systems, as manifested by the north polar Planum Boreum cavi unit, where accumulation has occurred through stabilization by permafrost development. Preservation of eolian accumulations on Earth typically occurs by sediment burial within subsiding basins or a relative rise of the water table or sea level. Preservation on Mars, measured as the generation of a stratigraphic record and not time, has an Earth analog with infill of impact-created and other basins, but differs with the cavi unit, where preservation is by burial beneath layered ice with a climatic driver.
INTRODUCTION
The growing body of high-resolution images from satellites and surface missions shows that the surface of Mars is a cold, hyperarid desert and that eolian processes have played a dominant role in development of its geomorphic surface and stratigraphic record. Because eolian and cryogenic processes on Mars are commonly interrelated, the closest Earth analog is the McMurdo Dry Valleys of Antarctica, and significant insights have been gained from studies of eolian (Bourke et al. 2009; Bristow et al. 2010a Bristow et al. , 2010b , permafrost (e.g., Marchant et al. 2002 , Levy et al. 2006 , weathering (e.g., Gibson et al. 1983, Marchant and Head 2007) , and other dynamic systems in Antarctica. There are, however, important differences between Antarctica and the environmentally far more extreme Mars, and limits exist for analogs per se, because no two environments, separated by time or space, are ever exactly the same on Earth, and this is even less so for planetary comparisons.
A more conceptual approach to understanding eolian systems on Mars, one that does not use Earth analogs, is to consider these as sourceto-sink complex systems operating within a set of boundary conditions. Complex systems are typically dissipative systems involving a large number of elements governed by nonlinear dynamics, which operate within a set of external environmental variables or boundary conditions. The boundary conditions within which the system evolves affect the geomorphic expression and stratigraphic record of the system over a wide range of spatial and temporal scales (Werner 2003) . Because no two systems ever share exactly the same boundary conditions, no two systems are ever exactly the same. Based on this thinking, each unique solution is a case study, but broad comparisons can be made based upon planetary-scale boundary conditions. Conversely, evolving environmental conditions on Mars can be reconstructed from the geomorphic and stratigraphic record of eolian systems. Because of the dominance of eolian processes on Mars, the eolian record may be the primary vehicle for interpreting planetary history, and, conceivably, planetary resurfacing may well be driven by eolian cycles.
This article explores the geomorphic and stratigraphic nature of eolian dune systems on Mars by way of a source-to-sink comparison of Earth/Mars boundary conditions (Fig. 1) . The suspended (i.e., dust) component of the Martian eolian transport system is not considered. The overall conclusion is that although sediment sourcing and grain transport on Mars and Earth are significantly different, these planetary eolian systems largely converge at the dune and dune-field pattern levels, but again differ in modes of accumulation and preservation. The primary product of this article is a body of questions that arise from the Earth/Mars comparison, questions that may help to focus future work. In addition, the comparison of eolian systems evolving within planetary environments as different as Earth and Mars elucidates the dynamics of eolian systems themselves. from oceans to continents, and warm temperatures, such that C-cycle chemical weathering, subaqueous erosion, and transport by fluvial systems dominate the surface. Because of the dominant role of water, most eolian systems are sourced directly or indirectly (via coastal processes) by fluvial systems (see discussion in Lancaster [1995; p. 88-90] ). Eolian deflation primarily becomes significant once sources of sand have been emplaced by subaqueous processes. A minority of dune fields have been sourced directly by wind erosion of poorly consolidated sedimentary strata, but few (if any) dune fields have arisen solely through wind deflation of bedrock.
Weathering, erosion, and fluvial transport operate within a larger, slower-paced set of boundary conditions of tectonism, sea level, and climate ( Fig. 2A) . Changes in these boundary conditions cause temporal and spatial changes in source areas and dune fields. Because of these changes and the internal dynamics of dune fields, the antiquity of deserts on Earth is measured in 10 2 to 10 7 years, specific dune fields exist for 10 1 to 10 5 years, and individual dunes persist for ,10 0 to 10 5 years. The Namib (Ward et al. 1983 ) and the Atacama (Alpers and Brimhall 1988) are probably the oldest deserts on Earth, dating to at least the Miocene. Many major dune fields date to only the Last Glacial Maximum, which was a time of major resurfacing in the eolian realm (e.g., Kocurek 1999) . The oldest dated dunes are linear dunes in Australia (;200 ka), although numerous cycles of activation and stabilization are evident internally (Nanson et al. 1992 ).
The temporal relationship between sediment source and dune-field construction can be conceptualized by the ''sediment state'' of the system (Kocurek and Lancaster 1999) , and this relationship is described as one of the three following types: (1) contemporaneous, (2) lagged in time, or (3) a mix of contemporaneous and lagged sediment influx (Fig. 3A-C ). For example, throughout its long history, the Namib has been sourced contemporaneously by the Orange River via coastal processes (Lancaster and Ollier 1983, Bluck et al. 2007 ). White Sands in New Mexico has been sourced by a mix of lagged sediment influx that occurred with deflation of lake-bed accumulations during regressions and contemporaneous influx from shorelines and exposed playa flats (Langford 2003) . The Sahara has arguably received a lagged fluvial source at two scales. Quaternary Milankovitch cycles cause humid periods during which fluvial sediments are stored; during subsequent arid periods these stored sediments are reworked and source dune fields as lagged influx. The original major sourcing of the Sahara, however, probably lay with Pliocene reworking of extensive Miocene fluvial deposits, which were emplaced during the coincidence of active tectonism and the last major humid period of the region (Kocurek 1998) .
Two other boundary conditions complete the sediment state of any eolian system: (1) the transport capacity of the wind and (2) the volume of sediment available on the surface for eolian transport (Fig. 3A-C) . On Earth, the frequency of sand-transporting winds is high, and it is only the magnitude of the wind that varies spatially over the globe and temporally through climatic cycles (e.g., Milankovitch). Sediment availability is most commonly limited by vegetation, but a near-surface water table, surface cementation, and surface armoring by coarse grains are also common factors. Because of the high frequency of sandtransporting winds, once sediment is made available for transport by, for example, the onset of aridity or marine regression, if the sediment source is not regularly replenished it is generally exhausted rapidly, and dune-field constructional events are relatively short-lived (Kocurek and Lancaster 1999) .
Mars
Significant volumes of sediment have been generated on Mars, as evident by (1) eolian, fluvial, and other depositional features on the surface, (2) the presence of a sedimentary stratigraphic record, and (3) the fact that there is little exposed bedrock on Mars (Edwards et al. 2009 ). The emerging image of sediment generation on Mars, however, indicates very different boundary conditions than prevailed on Earth during the Phanerozoic. The common occurrence of very ancient (i.e., Archean equivalent) rock on the surface of Mars in itself attests to very slow weathering rates. The potential for and nature of sediment generation on Mars, however, has evolved. There is significant evidence that during the Noachian (;.3.5 b.y.) Mars was wetter, and possibly warmer, with a denser atmosphere. Global change occurred during the late Noachian toward an increasingly cold, desiccated planet during the Hesperian and Amazonian. Whereas spot estimations of Noachian weathering rates are comparable to slow denudation rates on Earth, estimated Hesperian/Amazonian rates are orders of magnitude lower Bridges 2000, Golombek et al. 2006) .
Satellite (e.g., Edgett and Malin 2000 , Malin and Edgett 2006 , Bridges et al. 2007 and surface (e.g., Greeley et al. 2000 Greeley et al. , 2004 Bell et al. 2004; Levy et al. 2009 ) images clearly show evidence for physical weathering driven by eolian abrasion, impact shattering, thermal stress, permafrost processes, gravity-driven mass wasting, and salt weathering. The relative roles of the major processes of physical weathering through time can be speculated upon with planetary evolution (Fig. 2B) .
Chemical weathering has occurred overall within a cold, waterlimited, low-pH S-cycle (Hurowitz and McLennan 2007, McLennan and Grotzinger 2008) , during which chemical reactions were incomplete (Madden et al. 2004, Tosca and Knoll 2009) short-lived episodes terminated by freezing and/or evaporation (Zolotov and Mironenko 2007) . The most comprehensive interpretation of the general evolution of chemical weathering on Mars comes from global mineralogical mapping in which (1) a Noachian ''phyllosian era'' characterized by aqueous alteration and clay-mineral generation, yields to (2) a Hesperian ''theiikian era'' characterized by sulfate generation and (3) a late Hesperian-Amazonian ''siderikian era'' characterized by the formation of anhydrous ferric oxides in slow, superficial weathering without liquid water ( Fig. 2B ; Bibring et al. 2006) . Combining the potential for sediment generation from both physical and chemical weathering over time on Mars, three distinct eolian sediment states can be postulated (Fig. 3D-F) . First, following an Earth analog, the primary episode of dune-field construction would have been contemporaneously or somewhat lagged in time with Noachian enhanced sediment generation (Fig. 3D) . In this scenario, dune fields would have been sourced by deflation of fluvial, deltaic, and shoreline deposits, as has occurred during Earth history. Reworking of these original dune fields would have continued, but few additional dune fields would have been emplaced once Noachian sediment sources were exhausted. Given the abundance of dune fields on Amazonian terrain, however, this sediment-state scenario alone cannot account for the Martian eolian record.
In a sediment state that departs significantly from an Earth analog, eolian dune-field construction has occurred throughout Martian history, including those dune fields associated with Noachian events, but continuing through the Amazonian via sediment generated by very slow weathering processes (Fig. 3E) . Unlike on Earth, where sediment is removed from the terrestrial surface through tectonism, burial, or transport to ocean basins, this ''slow-cumulative'' model allows for the aggregate of billions of years of slow weathering to remain on the surface. In this scenario, new dune fields would have arisen where sufficient sediment collected on the surface, albeit over protracted time intervals. This sediment state also falls short in explaining the occurrence of eolian dune fields because the post-Noachian Martian surface appears to have been far more dynamic, especially in response to specific events.
The sediment state that best incorporates enhanced Noachian sediment production and subsequent slow ''background'' weathering, but also envisions significant periods of dune-field generation on postNoachian Mars, is an ''episodic'' model in which sediment generation, wind transport, and sediment availability are all episodic on a variety of creates enhanced source-strata exposure and stream power for erosion to yield greater sediment supply. During a climatic cycle, greatest sediment supply typically occurs with the transition from humid to arid (Langbein and Schumm 1958) , whereas sediment availability is greatest with aridity, and wind transport capacity is greatest during Icehouse stages. Both sediment supply and availability increase with lowered relative sea level because of enhanced erosion with lowered base level and increased shelf exposure, respectively. Modified from Kocurek (1999) . (B) Mars showing eras of chemical weathering from Bibring et al. (2006) and postulated variations in types of physical weathering. Impact shattering, water processes, and volcanism may have dominated Noachian physical sediment production, whereas permafrost, Eolian, and mass-wasting processes probably dominate during the Amazonian.
timescales that are not necessarily correlated (Fig. 3F ). For example, sediment generation for intercrater dune fields is initiated by shortlived, local impact events (i.e., Fenton 2005) . On a longer timescale, the eolian Planum Boreum cavi unit may have arisen through reworking of older Planum Boreum units (Rupes Tenuis and Scandia unit), which were emplaced as distal deposits of outflow channels in which large volumes of sediment were deposited on the northern plains during the Hesperian (Tanaka et al. 2010) . Unlike Earth, where sandtransporting winds are taken as a ''given'' (Fig. 3A-C) , in the Martian ''episodic'' model sand-transporting winds represent episodic events, as gauged by the infrequency of sand-transporting winds. Similarly, sediment availability may be episodic because during much of Martian history frost (both H 2 O and CO 2 ) and permafrost may have limited the ability of the wind to entrain sediment (c.f., Schatz et al. 2006 , Schorghofer and Edgett 2006 , Fenton and Hayward 2010 . Where ice is a control on sediment availability, the potential for grain entrainment may vary by seasons or Milankovitch cycles. Dune-field construction is episodic because it relies upon the favorable coincidence of all three components of sediment state. In another significant departure from Earth, planetary resurfacing on Mars probably includes direct eolian deflation of indurated dunes and sedimentary strata. Earth-style cementation (i.e., lithification), which typically occurs in the subsurface with the passage of large volumes of pore waters, must be very restricted on Mars because of the waterlimited state. Rather, Martian strata are probably poorly lithified, and ice/frost cementation is widespread (e.g., Schatz et al. 2006 , Byrne et al. 2009 ). Given ice cementation, sediment generation (recycling) would occur with sublimation driven by climatic cycles at a variety of temporal scales (i.e., daily to Milankovitch). Probable examples include the deflation of indurated dunes (e.g., Edgett and Malin 2000) and, in particular, the wholesale reworking of the Planum Boreum cavi unit in the North Polar Region to source the Olympia Undae Dune Field Murray 2002, Tanaka et al. 2008) . (E) Slow cumulative model, in which Noachian dune-field construction is followed by continued, slow dune-field construction, which is strongly availability-limited owing to the slow rate of sediment production. (F) Episodic model for dune-field construction incorporating Noachian construction and subsequent slow sediment production, but this model postulates episodic enhanced sediment production and periodic sediment availability and sand-transporting wind events. The results are episodes of dune-field construction of various types. See Kocurek and Lancaster (1999) for additional details on diagram construction and term definitions.
Questions
Weathering, erosion, and sediment production are very limited on the current Martian surface, yet large volumes of sediment have been generated on Mars. The fundamental questions are (1) by what processes were these sediments generated, and (2) 
Earth
Eolian sediment-transport systems on Earth develop wherever there is a sediment source, this sediment is available for entrainment by the wind, and wind speeds occur that are capable of sand transport. The friction speed (u * ) necessary to initiate movement (i.e., static or fluid threshold) is only ;0.15 to 0.25 m/s for quartz grains 0.1 to 0.3 mm in diameter, which form the bulk of sand dunes on Earth (Bagnold 1941; p. 88) . Using grain roughness only, wind speeds required to initiate grain movement are only 4.7 to 7.2 m/s at 1 m above the surface (i.e., a 10-16-mph breeze). For continued saltation (i.e., dynamic or impact threshold), u * falls to 0.12 to 0.20 m/s, or a wind speed of 2.8 to 4.0 m/s at 1 m above the surface. Most dune sand moves by saltation, with the coarser fraction traveling in surface creep via impacts from saltating grains.
Sand transport occurs as blowing sand, or as ripples, and then as dunes with growing surface availability of sand. Dunes, therefore, fundamentally represent packages of sand in transport, and a dune-field constructional event requires only sufficient available sand and transporting winds. Measured dune migration rates and interpreted rates from the rock record based upon annual cycles (e.g., Hunter and Rubin 1983) range from less than a meter to a few meters per year for large dunes to tens of meters per year for small dunes. Because the volume of sand transported by the wind increases as a cubic function of friction speed, significant dune activity occurs during less-common high-energy events. Wilson (1973) was first to recognize that the eolian sedimenttransport system on Earth could be desert-wide, with major dune fields typically forming within areas of wind deceleration, such as in topographic basins, where the flow expands vertically. Because of the potential long-distance transport of sand, it is commonly difficult to identify the source of eolian dune fields in even modern systems.
Mars
Compared to Earth, the basic boundary conditions on Mars that govern eolian transport are a lower surface gravity (3.7 m/s 2 on Mars vs. 9.8 m/s 2 on Earth) and a much lower atmospheric density (0.02 kg/ m 3 on Mars vs. 1.23 kg/m 3 on Earth). Combined, these boundary conditions indicate that the initiation of sand transport by the wind is much more difficult than on Earth, but a continuation of transport occurs more readily. The most common grain mineralogy on Mars is basalt, which is somewhat denser than quartz, the most common eolian grain on Earth (3.0 g/cm 3 for basalt vs. 2.65 g/cm 3 for quartz). Thermal inertia data from space-borne imagery of Mars indicates that Martian dunes have an average grain size that is coarser (medium-to coarsegrained sand) than on Earth Christensen 1991, Presley and Christensen 1997) . Limited surface observations (e.g., Gusev Crater by Greeley et al. [2006] and Sullivan et al. [2008] ; Meridiani Planum by Jerolmack et al. [2006] ) indicate eolian sands that are similar in size or slightly finer than those on Earth.
Wind tunnel experiments (e.g., Greeley et al. 1980, Iverson and White 1982) indicate that the threshold (i.e., fluid or static) friction speed to initiate sand movement on Mars is about an order of magnitude greater than that on Earth (i.e., 2.2 m/s on Mars vs. 0.22 m/s on Earth for 0.2-mm grains in the Greeley et al. experiments) . This is a direct result of the low atmospheric density, which reduces the fluid drag on grains. Using relationships derived from Iverson and White (1982) , Jerolmack et al. (2006) determined a u * of 2.5 to 3.5 m/s for formation of wind ripples traversed by Opportunity on Meridiani Planum. These ripples consist of very coarse (1.3-mm), hematitic (p s ¼ 4.1 g/cm 3 ) sand crests and fine-grained (;0.05-0.2-mm) basaltic sand interiors. Accounting for surface roughness, formative winds at 1 m above this surface ranged from 49 to 70 m/s, or Earth hurricane category 3 to 4 on the Saffir-Simpson scale.
The lower gravity on Mars and a lower vertical fluid drag (caused by the lesser atmospheric density), however, cause a much larger hysteresis on Mars vs. Earth between the threshold and dynamic friction speeds Andreotti 2006, Kok 2010) . Once initiated, saltation may continue at wind speeds an order of magnitude less than required to initiate it (Kok 2010) , and transport itself has been suggested to be more energetic than on Earth (Almeida et al. 2008) .
Given the potential for eolian transport, the frequency of transport and the conditions required for transport to occur are not clear. The Martian atmosphere is clearly dynamic, dust storms are common (e.g., Cantor et al. 2006) , small dunes appear to have been deflated , sand deposits have been modified at Gusev Crater (Sullivan et al. 2008) , complex wind regimes are evident (e.g., Tsoar et al. 1979 , Greeley et al. 2000 , Silvestro et al. 2010a , and sand has accumulated on the decks of the rover Spirit ). Most notably, Silvestro et al. (2010b) report ;1.7 m of migration within 4 months for ripples on the stoss slope of a barchan dune in Nili Patera. In contrast, Golombek et al. (2010) show that no migration has occurred in hundreds of thousands of years for a field of ripples at Meridiani Planum, and calculated dune migration rates under present conditions are orders of magnitude slower than on Earth Andreotti 2006, Parteli and Herrmann 2007) . Currently, an understanding of the frequency of sand transport on Mars is hindered by both the limited time-series of dune images needed to determine morphological change and the unknown ages of eolian features globally.
In addition, the nature of the sand-transporting winds is not known. Although the occurrence of major dune fields appears broadly consistent with global wind patterns (Anderson et al. 1999) , and although Hayward et al. (2007) found a general agreement between crestline orientations and predicted GCM wind patterns, more localized winds may well be more significant in sand transport. Extensive documentation of wind-formed surface features in Gusev Crater (as seen in Spirit images) shows the dominance of topographymodified surface winds . The short radiative timescales and lower inertia of the thin CO 2 Martian atmosphere make nighttime katabatic winds stronger than on Earth (Spiga 2011) , and modeling argues for these denser, shallow flows emanating from uplands (Maria et al. 2006) . Katabatic winds are paramount in the formation of eolian features on the polar ice caps (e.g., Howard 2000) and are thought to be a significant sand-transporting wind in the Olympia Undae Dune Field . As with a determination of wind frequency, the lack of long-term data hinders a determination of what components of the wind system transport sand as well as determination of the conditions required for these transport events to occur.
Sediment availability on the surfaces poses an additional issue that must be considered in evaluating eolian transport on Mars.
Calculations of sand transport based upon shear stress assume that sediment is available on the surface for transport. As noted above, surface stabilization by frost and permafrost is probably widespread and a primary cause for current dune stability, especially in the higher latitudes (Schatz et al. 2006 , Fenton and Hayward 2010 . Surface stabilization would not only restrict actual sediment flux but also cause potential sand-transporting winds to be undersaturated and erosional, manifested by common surface features such as grooves and yardangs.
Given the current infrequency of sand transport on Mars, it is remarkable that, as first recognized by Breed et al. (1979) , most dunes appear in terminal constructional settings such as basins, typically with no obvious sand-transport paths. This includes crater basins (e.g., Fenton et al. 2003 , Fenton 2005 , Hayward et al. 2007 ), valleys and troughs (Bourke et al. 2004) , and the large north polar topographic basin (Tanaka et al. 2008) . One possibility is that most dune fields are derived from in-basin sources and that transport paths are short (Fenton et al. 2003 , Fenton 2005 , Fenton and Hayward 2010 . The second possibility is that most dune fields were emplaced during distant times and their sources and transport corridors have been long erased. Silvestro et al. (2010a) demonstrated sand-transport corridors connecting dune fields over a scale of tens of kilometers, but no long-distance transport comparable to that of Earth has yet been documented.
Questions
There is a dichotomy on Mars between the current apparent infrequency of sand transport and the commonness of eolian geomorphic and stratigraphic features, especially the occurrence of dune fields within terminal basins. When does eolian transport occur? Are eolian features on Mars largely the product of rare high-energy events? Are transport events associated with specific seasons, global conditions, or portions of Milankovitch cycles? Has the frequency of sand transport changed over Martian history? Are dune fields relicts of a distant, denser atmosphere? What components of the wind system drive sand transport? Are these winds part of the global circulation, local orographic winds, or shallow katabatic winds from ice caps and highlands? Do factors that increase flow density (i.e., very cold katabatic winds) significantly increase transport capacity? Is current dune stability primarily a function of the infrequency of high winds or a result of surface stabilization? Are dune fields on Mars primarily locally derived from in-basin sources, or has evidence for past longdistance transport corridors been lost?
DUNE DEVELOPMENT (DUNE-FLOW INTERACTIONS)

Earth
As is the case for all bedforms, eolian dunes develop through interactions between the flow field and the sediment bed (Fig. 4) . Within these complex-system interactions, the ''primary'' flow (i.e., the flow before the bedforms) becomes slaved to the emergent bedform topography (and not the other way around) to produce a characteristic ''secondary'' flow over the bedforms. This characteristic secondary flow differs in speed, direction, shear stress, and level of turbulence from the primary flow as a function of position on the bedform (for eolian dunes, see Kocurek [1996a, 1996b] and Walker and Nickling [2003] ). The most basic flow field over dunes consists of flow acceleration and erosion on the upstream or stoss slope and flow deceleration and deposition on the downstream or lee slope. The resultant dune migration causes the formation of a set of cross-strata, which is a record of lee-face deposition over time with dune migration.
The three-dimensional geometry of a set of cross-strata is a function of dune shape and behavior over time (e.g., Rubin 1987) .
On Earth, dune development commonly occurs within a wind regime that varies in both direction and speed, typically as seasonal cycles (Fig. 4) . Because of this boundary condition, as eolian dunes grow and become too large to reorient with changing wind directions, the crestline assumes an orientation that is as perpendicular as possible to all sand-transporting wind directions (i.e., gross bedform-normal transport of Rubin and Hunter [1987] ). It is this variability in wind directions that yields the diversity of ''simple'' dunes on Earth (e.g., crescentic, linear, star).
Because dune crestlines are not straight and because the overall crest orientation is the gross bedform-normal orientation, a given primary wind direction may be transverse, oblique, or longitudinal to specific segments of the crestline, as defined by the incidence angle, which is the angle between a wind direction and the orientation of a segment of crestline (Fig. 5) . Characteristic secondary flow conditions develop for each of these categories of incidence angles Kocurek 1990, Walker and condition, in turn, gives rise to surface processes that result in a specific configuration of stratification types with deposition (Kocurek 1991) . The basic stratification types from Hunter (1977) are (1) wind-ripple laminae, which occur with traction transport; (2) grainfall strata formed by grains blown past the dune brink to settle under the influence of gravity and lee turbulence ; and (3) grainflow strata that form by the gravity-driven avalanching of grainfall deposits once these reach the angle of initial yield. The spatial (i.e., along the crestline) and temporal (in the migration direction) configuration of stratification types within a set of cross-strata is the primary tool in reconstructing paleo-flow conditions (e.g., Hunter and Rubin 1983, Kocurek et al. 1991b ).
In addition to the gross geometry of sets of cross-strata and distribution of stratification types within a set, bounding surfaces are the third component in reconstructing dunes and flow conditions (Fig.  6) . Bounding surfaces occur with the migration of bedforms (Brookfield 1977) and consist of (1) reactivation surfaces within a set of crossstrata that form with any erosional reconfiguration of the lee face during migration, (2) superposition surfaces that form with the migration of superimposed dunes over the larger host bedform, and (3) interdune surfaces that separate sets or co-sets of cross-strata (see discussion in Kocurek [1996] ). At the regional or basin scale, yet more extensive bounding surfaces cap entire eolian sequences (''super surfaces'' of Kocurek [1988] ) and may arise for a variety of reasons, including the onset of a more humid climate, in which dunes are stabilized by vegetation, development of an armoring lag surface on the trailing margin of a migrating dune field, and exhaustion of the sediment supply with deflation to the capillary fringe of the water table.
The large body of works on eolian units from the stratigraphic record on Earth shows that overall boundary conditions for dune development on Earth have been similar during the entire Phanerozoic. Rephrased, the range of grain sizes, stratification types, architecture created by dune migration, and creation of regional bounding surfaces can be interpreted by observable processes, ranges, and rates. The potential to detect differences in earlier Earth history is limited by the rarity of FIG. 5.-Idealized secondary flow over the lee face of a curved dune crestline, with characteristic dune stratification. Local incidence angles between the primary flow direction and the crest segment determine the lee secondary flow. In turn, the secondary flow gives rise to surface processes and their stratification. Other stratification types occur (see Kocurek 1991) , primarily reflecting temporal change (e.g., annual cycles that yield transverse to oblique repetitive couplets).
FIG. 6.-Generation of bounding surfaces with dune migration. (A)
Diagrammatic compound dune with lee superimposed dunes migrating alongslope the larger host bedform; migration directions shown by arrows. This configuration is the most common compound dune type. Drawn and modified from computer-generated cross-strata in Rubin (1987) . (B) Compound cross-strata in Jurassic Entrada Sandstone near Vernal, Utah, interpreted as representing a compound bedform. Labeled set has a maximum thickness of 2 m. Arrow shows migration direction of the main bedform; superimposed bedforms migrated into the page. Some bounding surfaces labeled in A and B: (1) interdune surface, (2) superposition surfaces, (3) reactivation surfaces, as described in the text.
surviving eolian strata. Eolian strata on Earth older than 1.8 Ga (Hesperian-Amazonian boundary on Mars) are rare (Eriksson and Simpson 1998) , meaning that many of the events and processes that affected eolian strata on Mars pre-date the earliest eolian records on Earth.
Mars
Based upon the Mars Global Digital Dune Database (Hayward et al. 2007 ) and earlier views from Mariner and Viking images (Greeley et al. 1992) , most dunes on Mars are some variety of crescentic dune (i.e., crescentic ridges and barchans, the latter of which represent a lower sand availability). Other dune types have been recognized, including linear and star dunes (e.g., Blumberg 1994, Lee and Thomas 1995) , a variety of dune features associated with topography (Bourke et al. 2004) , and some dune forms that are more enigmatic in classification (e.g., transverse eolian ridges; Zimbelman 2010). The overwhelming dominance of crescentic dunes on Mars, however, contrasts with the much greater variety of dunes on Earth and the commonality of linear dunes. Because crescentic dunes form in a more unidirectional wind regime than linear dunes, which require an obtuse bidirectional wind, and star dunes, which can form in multidirectional winds or a bimodal regime where the winds are roughly perpendicular to each other (e.g., Rubin and Hunter 1987, Rubin and Ikeda 1990) , the simplest explanation is that the constructive wind regimes on Mars are less complex than on Earth.
Where secondary airflow has been mapped over dunes by the orientation of wind ripples in HiRISE images , the spatial distribution of surface processes and the predicted airflow behavior is consistent with Earth examples (Fig. 7) . In this Olympia Undea example, lee-slope deflection of the flow occurs with an oblique incidence angle, and a slipface and separation cell occur in the lee of areas with a transverse incidence angle.
The most detailed outcrop analysis of eolian cross-strata on Mars is for the Burns formation, as viewed by Opportunity in the Endurance Crater (Grotzinger et al. 2005) and in the Erebus Crater (Metz et al. 2009 ). Stratification types, especially the distinctive wind-ripple laminae, are clearly visible, as are reactivation surfaces and an interpreted super bounding surface (Wellington). The presence of reactivation surfaces and the dominance of wind-ripple laminae indicate that the winds were not unidirectional.
Questions
In complex-system hierarchy theory (e.g., Werner 2003), lower-level variables become ''slaved'' to emergent higher-level emergent behavior as the system evolves (Fig. 1) . For the Martian eolian transport system, although there are significant differences from Earth at the fluid-grain level, these may become subordinate to emergent dune topography at the higher flow-bedform level. Martian dunes and dune dynamics would, therefore, be very similar to those of Earth, although differences may exist because of local boundary conditions (i.e., the shape of grainflow may differ as a result of unequal sublimation over the surface). The promise, therefore, is that dune geomorphic and stratigraphic features can be interpreted by principles evident on Earth. What, then, do current dune fields of different ages and latitudes 
DUNE-FIELD PATTERN DEVELOPMENT (DUNE-DUNE INTERACTIONS)
Earth
Dunes on Earth, as well as on Mars, form some of the most striking patterns in nature (Fig. 8A, B) . As with most other bedform patterns in air and water, these dune patterns are thought to emerge from a nonpatterned state through self-organization-that is, through the interactions between the bedforms themselves (Werner 1995 (Werner , 1999 . Bedform interactions occur as bedforms or their crestal terminations (defects) approach each other or actually collide. Dune and other bedform interactions have been documented in a range of settings (see review in Kocurek et al. [2010] ), and pattern emergence and evolution as a function of bedform interactions have been explored in models (e.g., Forrest and Haff 1992, Landry and Werner 1994) and with natural bedforms (e.g., Hersen and Douady 2005 , Elbelrhiti et al. 2008 , Ewing and Kocurek 2010a .
Although the specific dynamics of bedform interactions differ by bedform type (ripple vs. dune) and fluid (air vs. water), types of bedform interactions are geomorphically similar across scales of bedforms and fluids and can be classified based on the portions of the bedforms that are interacting and the impact of the interactions upon pattern development . Interactions occur between whole bedforms, between bedforms and defects, between defects alone, and as exchanges of sediment between bedforms where the bedforms remain apart. The spectrum of bedform interactions, in turn, is constructive, regenerative, or neutral with respect to pattern development. Constructive interactions (e.g., merging of bedforms, lateral linking of terminations, cannibalization) yield fewer bedforms than are interacting, and the field-scale pattern evolves toward fewer, larger, more widely spaced bedforms with longer crestlines. Regenerative interactions (e.g., bedform splitting, calving, defect creation as bedform crests break laterally) yield more bedforms than are interacting and result in a decrease in spacing and crest lengths. Other bedform interactions introduce considerable dynamics into the bedform pattern but may be largely neutral in terms of pattern construction (i.e., yielding the same number of dunes as are interacting). These interactions include collisions between bedforms (bedform repulsion) and defect-bedform collisions (defect repulsion), by which a new bedform or segment of one of the colliding bedforms is ejected during the collision process.
The diversity in bedform patterns (i.e., no two patterns on Earth are exactly the same), however, is thought to arise because of the boundary conditions in which the bedform interactions occur Kocurek 2010b, Kocurek et al. 2010 ). Boundary conditions are most different between fluids (air vs. water) and bedform types (ripple vs. dune), but field-scale patterns are never exactly the same, even among the same type of bedforms. For eolian dunes, no two dune-field patterns are exactly alike, and this is thought to reflect the fact that field-scale boundary conditions are never exactly the same. Typical eolian dune-field boundary conditions include the intensity/durations of wind directions, sediment availability, antecedent topography, the geometry of the sediment source (i.e., point, line, plane), and areal shape and size of the basin housing the dune field (Ewing and Kocurek 2010b) .
Although still in its infancy, an understanding of how specific dunefield patterns develop by dune interactions operating within a set of boundary conditions may have a transformative impact upon interpretations. For example, basin shape and size impacts pattern development by limiting the type and number of dune interactions (Ewing and Kocurek 2010b) . Conversely, pattern development and shape may then imply the nature of long-lost source areas and transport corridors. All else being equal, pattern dating is a possibility based upon the degree of pattern construction . Unless restricted by some boundary conditions, the general trend in dune-field pattern evolution is constructive (i.e., toward fewer, larger, more widely spaced dunes), with interactions becoming less frequent as dunes migrate more slowly and become more distant from each other. Because any given wind regime produces one dune-field pattern (Kocurek and Ewing 2005) , complex patterns, in which simple patterns are superimposed, provide a means for interpreting temporal changes in environmental parameters (e.g., Beveridge et al. 2006 , Derickson et al. 2008 . Because dune interactions create bounding surfaces and alter the secondary flow over dunes, it should be possible to identify these interactions in ancient eolian strata, thereby providing a new range of interpretation to the deterministic models of Rubin (1987) .
Mars
Dune interactions similar to those on Earth are obvious in highresolution images of Mars (Fig. 8B ), but these have been little explored, and there has been only initial use of pattern analysis on Mars (e.g., Bishop 2007 . Pattern analysis of a portion of the Olympia Undae Dune Field by Ewing et al. (2010) used statistical treatment of pattern parameters (i.e., crest length, spacing, defect density, crest orientations), secondary airflow over the dunes (Fig. 7) , and other geomorphic evidence to show that the reticulate pattern is complex and consists of two constructional generations of dunes. The oldest and most organized set of crestlines formed transverse to circumpolar easterly winds, whereas the younger pattern can be shown to have originated with components of the easterly winds and more recent katabatic winds. The antecedent topography of the older dune pattern formed a boundary condition to development of the younger pattern, but the younger pattern is reworking the older pattern by defect creation. Significantly, the degree of pattern development of even the older pattern, while greater than that evident in White Sands, New Mexico (;7 ka; Langford 2003 , Kocurek et al. 2007 , is less than that of major dune fields on Earth (e.g., Sahara in Mauritania, Gran Desierto in Mexico, East Taklimakan, Namibia, Arabian Wahiba; see fig. 10 in Ewing et al. [2010] ). Because the Olympia Undae Dune Field is much older than any dune pattern on Earth (Tanaka et al. 2008 ), a very slow rate of pattern development is indicated.
Questions
Because dune-field pattern evolution through dune-dune interactions occurs high in the hierarchy of the eolian transport system (Fig.  1) , pattern development in dune fields on Earth and Mars should be very similar. This implies a robust transfer of our understanding of pattern development on Earth to Mars, and pattern analysis is ideal for planetary studies because it is done remotely from satellite images. Potentially, the relative ages of dune fields on Mars could be determined and the boundary conditions under which these dune fields evolved interpreted. Does the degree of pattern evolution vary spatially over Mars? Does the state of pattern development for crater dune fields correlate with crater age? With crater size? What do dunefield shapes suggest for the nature of source areas? Are there differences in the types and frequencies of dune-dune interactions by latitude or basin size and shape? What can be inferred about wind regime, sediment availability, and other boundary conditions from the dune-field patterns? How is climatic change on Mars reflected in dunefield patterns?
ACCUMULATION OF EOLIAN DEPOSITS
Earth
As with other bedforms, most eolian dunes do not build accumulations (i.e., stacks of eolian cross-strata), but rather simply bypass the surface or even scour the surface as they migrate.
FIG. 9.-Bypass, erosion, and accumulation of eolian strata, as defined by the sediment budget. Accumulation occurs in dry, wet, and stabilizing systems by specific dynamics. See text for discussion.
Accumulation requires a positive sand budget, in which more sand enters the system than exits, so that the surface over which the dunes are migrating, the accumulation surface, rises over time (Fig. 9) . In contrast, bypass along the accumulation surface results in a neutral sand budget, and a negative sand budget characterizes erosional systems in which the accumulation surface falls over time (Kocurek and Havholm 1994) . With migrating bedforms, rise of the accumulation surface occurs as bedforms leave behind their lower portions as they migrate (i.e., a set of cross-strata). The relation between bedform migration and behavior of the accumulation surface over time can be characterized by the angle of bedform climb (h), defined as tan h ¼ V y / V x , where V y is the vertical accumulation rate and V x is the bedform migration rate (Brookfield 1977, Rubin and Hunter 1982) . Accumulation occurs with a positive angle of climb, whereas the angle of climb is zero for bypass systems and negative for erosional systems. In natural bedform systems, spatial variation in the depth of scour as bedforms migrate complicates the simple image of migrating and climbing bedforms (Paola and Borgman 1991) , but the general application of climb theory is robust. Except in uncommon cases (e.g., dunes buried beneath lava flows), the eolian rock record on Earth is necessarily constructed by dunes that were leaving an accumulation. The causes of accumulation, as well as bypass or erosion, lay with the dynamics of the three basic types of eolian systems: (1) dry, (2) wet, and (3) stabilizing Havholm 1994, Kocurek 1999) (Fig. 9) . Dry eolian systems are those in which aerodynamics alone determine the behavior of the accumulation surface over time. Accumulation most typically occurs in these systems because of a regional deceleration of the wind along pressure gradients or as a result of flow into topographic basins where deceleration occurs with vertical flow expansion (Wilson 1973, Rubin and Hunter 1982) . Wet eolian systems are those in which the water table is at or near the surface; accumulation in these systems occurs because of a rise of the capillary fringe over time. These systems are not restricted to areas of decelerating flow. Stabilizing eolian systems are those in which some form of surface stabilization fosters accumulation, such as vegetation that causes wind deceleration.
Modern and ancient eolian systems on Earth have most commonly been dry systems, including the Sahara (c.f., Wilson 1973 , Kocurek 1998 , the Jurassic Navajo (Kocurek 2003) , Jurassic Page (Havholm et al. 1993) , and Permian Cedar Mesa (Mountney and Jagger 2004) . The Jurassic Entrada may be the best example of a regional wet eolian system Kocurek 1993, Crabaugh and Kocurek 1998 Grotzinger et al. (2005) .
but wet eolian systems are common in coastal areas (e.g., Padre Island, Texas [Kocurek et al. 1992] ; Guerrero Negro, Baja [Fryberger et al. 1990] ). The vegetated Thar sand sea may be an example of a regional stabilizing eolian system (Wasson et al. 1983, Singhvi and Kar 2004) . Hybrid systems are also common, such as White Sands, New Mexico, where the water table and surface stabilization by gypsum cements are both important controls on the behavior of the accumulation surface over time (Kocurek et al. 2007 ). In nearly all cases the angle of climb is very low, typically tenths of a degree (e.g., Crabaugh and Kocurek 1993 , Mountney and Jagger 2004 , Kocurek et al. 2007 , because nearly always the rate of dune migration (V x ) is much greater than the vertical accumulation rate (V y ).
Mars
Given the water-limited boundary conditions on Mars, dry eolian systems are expected to dominate, and, indeed, most dune fields on the surface occur in craters, troughs, and topographic basins where dry eolian systems are expected to accumulate. Stratigraphic analysis of the Burns formation in Endurance Crater (Grotzinger et al. 2005) shows that the Lower Unit consists of sharp (i.e., dry) bounding surfaces between and within sets of cross-strata and that wet/damp-surface interdune deposits are absent, thus indicating that these dunes accumulated in a dry system (c.f., fig. 19 in Grotzinger et al. [2005] ). However, interpreted accumulation of eolian sand sheets (Middle Unit) and interdune/playa deposits (Upper Unit) in an upwardwetting sequence by a rise of groundwater characterizes accumulation in a wet eolian system. The overall unit ( fig. 3 in Grotzinger et al. [2005] ), in which dry-system dune sets of cross-strata are truncated by a water-table-controlled super surface (Wellington Contact) with overlying sand-sheet and sabkha strata, is identical to many eolian sequences on the Colorado Plateau, such as the Jurassic Page Sandstone (e.g., Havholm et al. 1993) (Fig. 10 ). For these Earth examples, dry-system dunes accumulated during low-stands, but sand availability was apparently terminated with the onset of marine transgression. Subsequent deflation occurred to the rising water table, which was the inland response to the marine transgression (see Kocurek et al. 2001) . Continued rise of the water table allowed for the accumulation of sabkha and related deposits overlying the surface.
Contrasting with the dry/wet system accumulations in the Burns formation are accumulations of the much younger (Amazonian) Planum Boreum cavi unit in the north polar region of Mars. The overall unit architecture consists of preserved dune topography in which (1) stacked dune stoss-slope deposits are bounded by erosional surfaces or surfaces showing minimal permafrost development, as manifested by polygonal fractures, (2) down-lapping lee-face deposits are bounded by surfaces of pronounced permafrost polygonal fractures, and (3) interdune areas show the amalgamation of pronounced permafrost surfaces and ice deposits (Fig. 11) . This architecture argues for cycles of dune reactivation and stabilization by freezing. During reactivation stoss slopes were deflated, and lee deposition occurred as downlapping, progradational wedges that tapered onto the interdune floors. During stabilization, the entire dune likely developed a permafrost surface, and wind-blown ice accumulated in interdune hollows. Only the stoss slopes show evidence of deflation; permafrost surfaces appear largely undisturbed on the lee slopes and within interdune hollows. Because dune topography was preserved during stabilization, it served as the antecedent boundary condition during subsequent reactivation such that renewed deposition conformed to the existing dune topography. Remnant dune topography is carried upward through the cavi unit, resulting in exceptionally high angles of bedform climb. Because accumulation of dune strata occurred through freezing, the Cavi dune field is interpreted as a stabilizing system, analogous to Earth systems, within which the most common stabilizing agent is vegetation.
Questions
The causes of accumulation of eolian strata can be understood by the dynamics that characterize the three basic eolian system types (dry, wet, stabilizing). Planetary boundary conditions dictate the form these dynamics take within these systems. The dynamics of dry eolian systems appear to be readily transferable from Earth to Mars. The dynamics of stabilizing systems may be best manifested on Mars through intergranular freezing and permafrost development. Documentation of wet eolian systems is strong evidence for sustained nearsurface groundwater on Mars. Can the causes of eolian accumulation be recognized on Mars, and have these changed through time? Do these change by latitude? Is accumulation of eolian strata currently occurring in craters and other basins? Is accumulation itself cyclic on Mars?
PRESERVATION OF EOLIAN ACCUMULATIONS
Earth
The boundary conditions that cause accumulation of eolian strata on Earth are not entirely the same as those that cause preservation of the accumulations (i.e., incorporation into the rock record). For example, some dune fields of the western Sahara have built significant accumulations, but these rest upon Precambrian basement and have little preservation potential (e.g., Kocurek et al. 1991a ). The accumulations within Chott Rharsa in Tunisia, although occupying a foreland topographic basin with a surface elevation below sea level, are in a current state of deflation (Blum et al. 1998) . Most eolian accumulations preserved in the rock record on Earth have occurred (1) in subsiding basins where the continued addition of sediment has buried the eolian accumulations, (2) in inland basins that experienced a sustained absolute or relative rise in the water table, or (3) as dune fields adjacent to marine bodies in which transgressions resulted in a rise of the continental water table and/or the eolian accumulations themselves were marine transgressed ( Fig. 12 ; Havholm 1994, Kocurek 1999) . For example, the Jurassic sand seas of the Colorado Plateau (Navajo, Temple Cap, Page, Entrada) were all flanked to the west by marine environments, and the eolian record is an eastward back-stepping of vertically stacked eolian units overlain by transgressive marine units within a subsiding foreland basin (see fig.  11 .7 in Kocurek [1999] ). At the formation level, the water-tablecontrolled deflation surfaces in the Page Sandstone (described above; Fig. 10 ) all correspond to flood surfaces within the equivalent marine/ sabkha Carmel Formation to the west (Havholm et al. 1993) . Whereas the eolian accumulations in the western Sahara have little preservation potential, these same accumulations are preserved on the continental shelf, where they were transgressed by sea-level rise following the last glacial maximum (Sarnthein 1978) . The dune field at White Sands, New Mexico, has a several-meter-thick subsurface record that apparently formed with the relative rise of the water table within a subsiding basin (Kocurek et al. 2007 ). On Earth, the dynamics of tectonism, eustasy, and climate drive the temporal and spatial nature of preservation. With planetary resurfacing, essentially no preservation is permanent (e.g., the once preserved Jurassic record is largely uplifted and erosional now).
Mars
Preservation of eolian accumulations on Mars has been infrequently addressed, and the geometries of bodies of strata and their ''containers'' are poorly known. In the absence of tectonism and eustasy, preservation on Mars can be envisioned by burial by lava flows, impact debris, and continued eolian and other accumulations in topographic basins, such as craters. It is plausible that initial preservation of the Burns formation occurred through an areal rise in the water table, but the regional context of the unit is unknown. Grotzinger et al. (2005) suggested that the surface bounding the region around the Opportunity landing site is a prominent deflated stratigraphic contact. Preservation and loss of ''preservation space'' of the cavi unit in the north polar region of Mars has been explained as a function of climatic change Murray 2002, Fishbaugh and Head 2005) . As described above, accumulation of the cavi unit is interpreted to have occurred through the cyclic stabilization of dunes through freezing and permafrost development. These dune accumulations are clearly transitional upward into the overlying layered ice cap accumulation (Planum Boreum 1 Unit; Fishbaugh and Head 2005, Tanaka et al. 2008) . Preservation of the cavi accumulations was, therefore, by burial beneath the growing ice cap. Retreat of the ice cap has resulted in loss of preservation space and extensive erosion of the unit Murray 2002, Fishbaugh and Head 2005) .
Questions
Given the absence of plate tectonism and eustasy on Mars, preservation must be envisioned differently on Mars than on Earth. Crater tectonism and preservation of eolian accumulations within crater basins is one fairly ready substitution. Climatic change, however, emerges as a significant driver of preservation dynamics, as evident by the cavi unit and probably elsewhere on Mars. At the planetary scale, however, preservation of eolian and other accumulations on Mars takes on a different relevance than on Earth. Where even Noachian depositional systems are still evident on the surface and planetary resurfacing occurs at Earth ''deep time'' scales, what defines preservation? Are surface dune fields stabilized by freezing or permafrost preserved because they remain undisturbed for millions of years? The Olympia Undae Dune Field may well be contemporary to the Jurassic Navajo Sandstone. Should preservation of Mars not be considered in time units, but rather be evident only by the creation of a stratigraphic record? Are there planetary rates and processes of resurfacing that define preservation on Mars?
CONCLUSIONS
Mars is the most eolian-dominated planet in the solar system, and eolian processes, along with cryogenic processes, may well be the primary drivers in planetary resurfacing. A simplified, source-to-sink comparison of eolian systems on Earth and Mars serves to underscore how little is understood about Martian eolian systems, even as Earth systems are far from totally understood. More importantly, however, this comparison demonstrates how the governing principles of eolian systems are manifested differently on Earth and Mars because of different planetary boundary conditions.
The planetary boundary conditions that yield sediment for eolian systems on Earth are absent, at least currently, on Mars, thus raising the fundamental question of how sediment is generated on Mars. Martian boundary conditions do not include loss of sediment from the surface through tectonism, burial in deep subsiding basins, or transport to oceanic basins. Sediment on Mars probably reflects early planetary history, when Mars was more similar to Earth, subsequent to very slow weathering processes and episodic generation during climatic cycles, impacts, and outflow events. Differences in planetary rock cycles may be manifested on Mars by direct deflation of grains from indurated strata where ice is the primary cementing agent and weathering occurs through sublimation during climatic cycles.
Regardless of how sediment is generated on Mars, eolian transport events are probably episodic because they require the coincidence of a wind capable of transporting sand and the availability of this sediment. The primary impact of the low-density atmosphere is that winds capable of sand transport are relatively rare. The cause of these winds is poorly known, but factors that increase air density may be more important than on Earth. Local katabatic winds that form over the highlands and polar ice caps, for example, may be more important for sediment transport than are planetary wind belts. Because of widespread permafrost, sediment availability is probably episodic, only occurring with periods of sublimation.
In spite of planetary differences in sediment production and grain transport, the eolian systems of Earth and Mars appear to largely converge with the emergence of dune topography. Within the hierarchy of the eolian transport system, dune-flow and dune-dune interactions are very similar on Earth and Mars, as manifested by dune morphologies, secondary flow over the bedforms, and pattern ordering through dune interactions. The implication is that dunes and their rock record can be interpreted by principles used on Earth, allowing for spatial comparisons and the development of a chronology of planetary change.
It is likely that most accumulation of eolian strata on Mars has occurred as dry systems, in which flow decelerates into topographic basins, which on Mars are commonly craters. Wet-system accumulation, as shown by the Burns formation at Endurance Crater, should be restricted to early planetary history. The most striking manifestation of a stabilizing system on Mars is accumulation within the cavi unit. The dynamics of stabilization by permafrost development in the cavi are analogous to the niche occupied by vegetation in stabilizing systems on Earth.
Although Earth-style preservation of eolian accumulations occurs on Mars with burial within topographic basins-albeit many of the basins arise through impact and not subsidence-the concept of preservation is challenged on Mars, where ''deep-time'' events can remain pristine on the surface. In restricting preservation to generation of a stratigraphic record, the preservation of cavi-style eolian accumulation by burial beneath the polar ice cap is significant because climatic cycles, and not tectonic nor eustatic cycles, have driven the preservation dynamics.
